teins and stable subcomplexes in this system. Here we experimental phases were determined from multiwavelength anomalous scattering data using SeMet-substireport the crystal structure of the human Gemin6/ Gemin7 (hereafter referred to as Gemin6/7) complex. tuted Gemin6 and Gemin7. A second crystal form diffracted to higher resolution, but was not amenable to Although neither protein displays any significant sequence homology to Sm protein family members, the multiwavelength phasing using SeMet-substituted proteins. We therefore used molecular replacement to postructure reveals that Gemin6 and Gemin7 both contain Sm-like folds and that the Gemin6/7 interface is similar sition Gemin6/7 in the higher resolution crystal form and refined the resulting structure to 2.0 Å resolution. to the interfaces observed between Sm proteins. We also show that the Gemin6/7 heterodimer is competent Crystallographic data and the results of phasing and refinement are summarized in Table 1 , and representato bind and perhaps to organize Sm proteins. Together, the structural and biochemical data indicate that tive electron density of the Gemin6/7 structure is shown in Figure 1B . There are two Gemin6/7 heterodimers in Gemin6/7 may participate in formation of higher order complexes with Sm or Sm-like proteins and could functhe asymmetric unit of both crystal forms, and all four of the independent heterodimer structures are similar, tion as an Sm-surrogate during snRNP assembly.
with pairwise rms deviations ranging from 0.3-1.1 Å for superposition of Cα atoms, excluding the variable β3-Results β4 loop region (discussed below).
Structure Determination
Secondary structure prediction methods indicated that Overall Structure of the Gemin6/Gemin7 Complex Gemin6 and Gemin7 have similar folds, with a fivethe N-terminal 30 residues of Gemin7 that have been shown to be required for interaction with SMN are likely stranded bent β sheet flanked by α helices (Figures 2A  and 2B ). The two β sheets in the heterodimer are conto be unstructured in the free Gemin6/7 complex (the domain structures of Gemin6 and Gemin7 are shown nected via β4 of Gemin6 and β5 of Gemin7, resulting in the formation of a continuous 10-stranded β sheet (Figschematically in Figure 1A ). These residues were therefore removed from the constructs used for crystalloure 2C). The longer N-terminal helix of Gemin7 packs tightly into a hydrophobic pocket formed by α1, β2-β4, graphic studies. Limited trypsin proteolysis of the Gemin6/7 complex, coupled with MALDI-TOF mass and α2 of Gemin6. This hydrophobic interface is flanked by a network of hydrogen bonds formed bespectral analysis and N-terminus sequencing of tryptic fragments also identified a domain boundary in tween α1 side chains in Gemin7 and pocket residues of Gemin6. Overall, the Gemin6/7 interface buries a toGemin6, near residue 92 (data not shown). Coexpression and copurification of Gemin6 (residues 1-92) with tal of 2577 Å 2 solvent-accessible surface area with a shape complementarity index of 0.77, which is consisGemin7 (residues 31-131) confirmed that the N-terminal domain of Gemin6 was both necessary and suffitent with a highly specific interaction (Lawrence and Colman, 1993) . cient for tight association with Gemin7. However, only the full length Gemin6/Gemin7 (residues 31-131) comThe two independent Gemin6/7 heterodimers interact in the crystal to form a two-fold-symmetric plex formed diffraction quality crystals.
Crystals of the Gemin6/7 complex that diffracted to (Gemin6/7) 2 heterotetramer via the β3-β4 loop of Gemin6 ( Figure 2D ). The β3-β4 hairpin extends from the 2.8 Å resolution were produced by vapor diffusion, and Figure 4A . The primary source of to any significant extent in the absence of other provariation among the human Sm protein structures and teins, we cannot rule out a role for this interaction in between Gemin6/7 and the Sm proteins exists in the the context of the SMN complex, where higher order two terminal segments and in the variable β3-β4 region. oligomerization via SMN is known to play an important The α1-helix in Gemin7 is also substantially longer than functional role (Pellizzoni et al., 1999) . In this case, in either the Sm proteins or in Gemin6. Of the four huGemin6/7 may be present in multiple copies, where the man Sm proteins with experimental structures, only weak affinity interaction observed here in the Gemin6/7
SmD1 has a C-terminal helix corresponding to that obcrystals could be functionally relevant. served in Gemin6, but the helices are oriented difGel electrophoresis analysis of dissolved crystals ferently in the two cases (data not shown). confirmed that full-length Gemin6 was present in both Structure-based sequence alignment of the seven Gemin6/7 complex crystal forms, but electron density human Sm proteins with Gemin6 and Gemin7 indicates for the C-terminal domain of Gemin6 (residues 87-167) that strongly conserved amino acids in the Sm1 and is not sufficiently well defined in either crystal form to Sm2 motifs, which are important for the Sm fold, are allow tracing of the polypeptide chain. Small helical conserved in Gemin6 and Gemin7 (Figure 3 ). For examsegments could be identified in difference electron ple, in human SmB/B#, Asn39 hydrogen bonds with density maps of crystal form II, but the sequence could Gly74 and Asp35, linking the C-terminal segments of not be assigned, and connectivity to the corresponding strands β2 and β4 with the N terminus of β3. In Gemin6, N-terminal domain could not be established. We beAsn43, Gly62, and Asp38 form an identical hydrogen lieve that the missing C-terminal domain of Gemin6 is bonding network. Similarly, SmD3 residues Asp37, folded in the Gemin6/7 crystals because the isolated Asn40, and Tyr62 and Gemin7 residues Asp96, Asn101, domain can be overexpressed and purified and is resisand Tyr103 form the same hydrogen bonding patterns. tant to mild trypsin proteolysis (data not shown).
As expected, Gemin6 and Gemin7 also share the charStraightforward crystallographic refinement to the reacteristic pattern of hydrophobic residues found in the siduals shown in Table 1 supports the conclusion that Sm1 and Sm2 motifs, although the identities of these the Gemin6 C-terminal domain is disordered and, therecore packing residues are not strongly conserved. fore, does not contribute to the high-resolution diffrac-
The structural similarity between Gemin6 and Gemin7 tion data. Although unexpected, the disordering of an and the Sm proteins also extends to the interface entire domain in a high-resolution crystal structure has formed in the Gemin6/7 heterodimer ( Figure 2C ). Smbeen observed (for example, see Rice and Steitz, 1994) .
like proteins display a propensity to oligomerize with Interestingly, N-terminal sequencing of limited proteolythemselves or with other Sm proteins by formation of a sis products of the Gemin6/7 complex showed that head-to-tail continuous β sheet via interactions betrypsin cleaves Gemin6 after Lys92 to produce N-tertween edge strands (β4 and β5) of the interacting dominal and C-terminal domains with a boundary that mains ( the SMN tudor domain is monomeric in solution, which Among the human Sm proteins, Gemin6 is most simmay reflect its inability to form a homomeric β4-β5 ilar in structure to SmD1 (PDB entry 1B34), with an rms interface. In principle, the tudor domain could bind to proteins with Sm folds via the β4 edge of its β sheet to deviation of 1.7 Å over 58 α-carbons, and Gemin7 most shows a similar pattern of relative affinities as that observed for Gemin6 alone, although the binding is somewhat weaker for the Gemin6/7 complex. This difference in binding affinities suggests that the β4 surface of Gemin6 may bind efficiently to Sm proteins in the absence of Gemin7, leading to a higher overall affinity than for the Gemin6/7 complex. It is also possible that the N terminus of Gemin7 modulates the binding to Sm proteins through the β5 interface of Gemin6 (see Figure  5) . Interestingly, even the weakest binding observed between Sm proteins and Gemin6 and Gemin6/7 complex in this experiment may be relevant in vivo. Coexpression experiments in bacteria have revealed that GSTGemin6 forms a complex with hexahistidine-tagged SmD1 (which binds weakest among the Sm proteins to Gemin6 and Gemin6/7) when the two proteins are coexpressed, and the resulting Gemin6/SmD1 complex . Although we cansurrogate during snRNP assembly. Other components of the SMN complex clearly must also contribute to the not rule out a possible role for the RG-rich tails of Sm proteins in interacting with Gemin6/7, our current data process of Sm recruitment from the methylosome, which involves recognition of symmetrically dimethylindicates that this is not likely to be the primary binding mechanism. ated arginine residues in the RG-rich tails of a subset of the Sm proteins.
There is still a considerable gap in our understanding of how the SMN complex assembles snRNPs on a deAn alternative interpretation for the role of Gemin6 and 7 in the SMN complex is that Gemin6 and 7 are tailed molecular level. Work toward achieving this goal would be greatly aided by structural models of the inSm-like proteins that are components of a yet-to-beidentified RNP complex. In this case, one might contact SMN complex or of each individual component of the complex, along with in vitro assays of snRNP asclude that Gemin6/7 copurifies with the SMN complex because it is an RNP assembly substrate, rather than sembly that would facilitate testing of mechanistic hypotheses. The crystal structure of the Gemin6/7 an assembly factor. Although this possibility cannot be entirely ruled out, we do not favor this viewpoint becomplex reported here is an important step toward building a structural model for this system, and tocause Gemin6 and 7 remain associated with the SMN complex at very high stringency-conditions that comgether with NMR and crystallographic data for the SMN tudor domain ( angles. Structural illustrations and electron density (Figures 1, 2, 4 , and 5) were prepared with Pymol (Delano, 2002).
Experimental Procedures In Vitro Protein Binding Assays Expression and Purification of the Gemin6/7 Complex
His 6 -tagged Gemin7 (residues 31-131) and GST-Gemin6 (full A cleavable glutathione-S-transferase (GST) fusion of full length length) were coexpressed as described above. The complex was Gemin6 was coexpressed with hexahistidine-tagged Gemin7 (resifirst purified on TALON resin to remove any excess Gemin6 before dues 31-131) using compatible T7 expression plasmids in strain it was incubated with glutathione-agarose beads (Sigma) and BL21(DE3) at 17°C. In both cases, the coding regions were subwashed according to the manufacturer's protocol. Protein comcloned into vectors containing the respective fusion tags followed plexes bound to glutathione-agarose beads were quantified by by cleavage sites for tobacco etch virus ( 
